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The Rho GTPase Cdc42 is essential for polarized growth of budding yeast. Temporal control of
Cdc42 depends partly on the activity of its GTPase-activating proteins (GAPs). In this issue of
Developmental Cell, Saito et al. report that Cdc42 GAP activity is regulated by the phospholipid
composition of the bud-tip membrane, under control of the phospholipid flippases Lem3-Dnf1
and Lem3-Dnf2.Internal spatial cues generated early in
the G1 phase of the cell cycle cause
yeast cells to polarize their growth to
a unique site on the plasmamembrane
and initiate bud formation (Lew and
Reed, 1995; Chang and Peter, 2003;
Park and Bi, 2007). The site of new
bud growth is specified by the bud
scar, a remnant of the previous cell
division cycle, and by protein land-
marks that recruit the Ras family
GTPase Rsr1. Activated Rsr1 forms
a complex with the GDP-bound form
of the Rho family GTPase Cdc42 and
its GTP exchange factor (GEF), Cdc24.
When Rsr1 hydrolyzes GTP, it triggers
Cdc24 to convert Cdc42(GDP) to a
GTP-loaded ‘‘active’’ state. The pro-
duction of Cdc42(GTP) at the bud site
ultimately leads to polarization of the
actin and microtubule cytoskeleton
and localization of elements of the se-
cretory apparatus to the bud tip. Vesi-
cles deliver new plasma membrane
and cell wall components to the bud
tip, ensuring polarized ‘‘apical growth.’’
As the bud elongates and the cell
enters G2, Cdc42 disperses from the
bud tip and the pattern of secretion
switches so that vesicles are delivered
uniformly over the bud membrane in-stead of only at its tip. This is termed
the apical/isotropic switch.
Cdc42 cycles between GDP- and
GTP-bound forms, and signals its ef-
fectors from its GTP-loaded active
state. GTP hydrolysis by Cdc42 is reg-
ulated by three dedicated GTPase-
activating proteins (GAPs) in S. cerevi-
siae: Bem3, Rga1, and Rga2, and an
additional promiscuous GAP, Bem2.
While Cdc42’s sole GEF, Cdc24, has
been extensively analyzed, studies of
the GAPs are not as far along. Now,
Saito et al. (2007) report in this issue
of Developmental Cell that the activity
of the Rga GAPs, and to a lesser ex-
tent that of Bem3, is controlled by the
composition of the bud tip membrane.
They suggest that in the absence of
functional phospholipid flippases that
translocate lipids across membranes,
phospholipid asymmetry at the bud
tip is altered and GAP activity is low.
This slows dispersal of Cdc42 from
the bud tip and delays the apical/iso-
tropic switch.
The transbilayer distribution of phos-
phlipids in the plasma membrane of
mammalian cells is strongly asymmet-
ric, such that the aminophospholipids
phosphatidylserine (PS) and phospha-Developmental Cell 13,tidylethanolamine (PE), as well as the
phosphoinositides (PIs), are largely
confined to the cytoplasmic leaflet. Al-
though the phospholipid asymmetry of
the yeast plasma membrane is not as
well defined, it is clear that it also has
little detectable surface PE. An excep-
tion occurs during a limited period of
the cell cycle. Using Bio-Ro, a PE-
binding peptide, Iwamoto et al. (2004)
discovered that a hot spot of PE de-
velops at the surface of incipient bud
sites and at the tip of small buds, and
disappears in G2 as cells depolarize
growth within the bud.
How does PE come to be exposed at
the cell surface and in such a spatially
and temporally restricted fashion?
Since lipid mobility in the outer leaflet
of theyeastplasmamembrane isanom-
alously low (Greenberg and Axelrod,
1993), PE may be kinetically polarized
(Valdez-Taubas and Pelham, 2003) af-
ter it is locally delivered by tip-directed
vesicular traffic or by translocation from
the inner leaflet. Bothdelivery scenarios
require a cell cycle-regulated change
in the balance of phospholipid flip-flop
controlled by ATP-driven lipid trans-
locators (flippases and floppases) that
flip (out/in) or flop (in/out) lipidsNovember 2007 ª2007 Elsevier Inc. 607
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exposure may be due to increased
activity of the ABC transporters Pdr5
and Yor1, which could function as flop-
pases in the vesicle membrane or
locally at the bud tip. Disappearance
of the PE hot spot later in the cell cycle
also requires lipid translocation. There
are five P-type ATPases in yeast that
are classified as phospholipid flippases
(Graham,2004).Twoof these,Dnf1 and
Dnf2, are plasma membrane residents
that are enriched at sites of polarized
growth (Pomorski et al., 2003). Dnf1
and Dnf2 combine with the membrane
protein Lem3 to form functional het-
erodimers. Saito et al. (2007) show
that when Dnf1 and Dnf2 function is
eliminated in lem3D cells, PE remains
exposed at the bud tip and the cells
undergo hyperpolarized growth.
Dispersal of Cdc42 from the bud tip
is delayed in lem3D cells, but this
defect, as well as the delayed switch
to isotropic bud growth, can be cor-
rected by overexpression of Cdc42
GAPs. Using in vitro assays, Saito
et al. (2007) suggest that this is be-
cause GAP activity is regulated by
phospholipids: PE, PS, andPI enhance
activity, while PI(4,5)P2 inhibits it. Saito
et al. (2007) suggest thatGAPactivity is
suppressed during apical growth in G1
by PI(4,5)P2 and possibly lower levels
of PS, PE, and PI at the cytoplasmic
face of the bud tip, and that the GAPs
are activated in G2 by lipid flipping.
This is a new and interesting model608 Developmental Cell 13, November 20for control of the apical/isotropic
switch, and like all new developments,
it raises a number of questions.
What is the transbilayer distribution
of PE at the bud tip? Does the depar-
ture from normal asymmetry extend to
phospholipids other than PE? How
does the cell cycle regulate bud tip lipid
asymmetry? Since the Bio-Ro readout
is not calibrated and a cytoplasmic
probe for PE is not available, it is not
clear exactly how much PE is exposed
and whether the cytoplasmic leaflet of
the bud tip is correspondingly depleted
of PE. There is no information on lipid
diffusibility in the cytoplasmic face of
the yeast plasma membrane, and so it
is also hard to know whether the cyto-
plasmic face of the bud tip is enriched
in particular lipids during the time that
Bio-Ro detects surface PE. Neverthe-
less, it is interesting to speculate that
early in G1, the cytoplasmic face of the
bud tip is depleted of PE and PS, but
enriched in PI(4,5)P2. This would help
recruit Cdc42, via electrostatic interac-
tions between its C-terminal polybasic
domain and PI(4,5)P2, while suppress-
ing GAP activity. Activation of Dnf1/
Dnf2 in G2 would activate the GAPs
[by flipping in the GAP activators PE
and PSwhile diluting the negative regu-
latorPI(4,5)P2], promoteGTPhydrolysis
by Cdc42, and allow Cdc42(GDP) to
leave the bud tip. Saito et al. (2007)
speculate that the activity of Dnf1/
Dnf2 is positively regulated by phos-
phorylation, and that this is ultimately07 ª2007 Elsevier Inc.controlled by the master cell cycle reg-
ulatory kinase, Cdc28 (Lew and Reed,
1995).
Although additional work will cer-
tainly be needed to sort out the quanti-
tative lipid and membrane aspects of
this story, the paper by Saito et al.
(2007) introduces an entirely new way
of looking at the control of polarity
signaling.
REFERENCES
Chang, F., and Peter, M. (2003). Nat. Cell Biol.
5, 294–299.
Graham, T.R. (2004). Trends Cell Biol. 14,
670–677.
Greenberg, M.L., and Axelrod, D. (1993).
J. Membr. Biol. 131, 115–127.
Iwamoto, K., Kobayashi, S., Fukuda, R.,
Umeda, M., Kobayashi, T., and Ohta, A.
(2004). Genes Cells 9, 891–903.
Lew, D.J., and Reed, S.I. (1995). Curr. Opin.
Genet. Dev. 5, 17–23.
Park, H.-O., and Bi, E. (2007). Microbiol. Mol.
Biol. Rev. 71, 48–96.
Pomorski, T., and Menon, A.K. (2006). Cell.
Mol. Life Sci. 63, 2908–2921.
Pomorski, T., Lombardi, R., Riezman, H.,
Devaux, P.F., van Meer, G., and Holthuis,
J.C.M. (2003). Mol. Biol. Cell 14, 1240–1254.
Saito, K., Fujimura-Kamada, K., Hanamatsu,
H., Kato, U., Umeda, M., Kozminski, K.G.,
and Tanaka, K. (2007). Dev. Cell 13, this issue,
743–751.
Valdez-Taubas, J., and Pelham, H.R.B. (2003).
Curr. Biol. 13, 1636–1640.
